The neuronal ceroid lipofuscinoses (NCL) are progressive neurodegenerative disorders with onset from infancy to adulthood that are manifested by blindness, seizures, and dementia. In NCL, lysosomes accumulate autofluorescent proteolipid in the brain and other tissues. The mnd/mnd mutant mouse was first characterized as exhibiting adult-onset upper and lower motor neuron degeneration, but closer examination revealed early, widespread pathology similar to that seen in NCL. We used the autofluorescent properties of accumulated storage material to map which CNS neuronal populations in the mnd/mnd mouse show NCL-like pathological changes. Pronounced, early accumulation of autofluorescent lipopigment was found in subpopulations of GABAergic neurons, including interneurons in the cortex and hippocampus. Staining for phenotypic markers normally present in these neurons revealed progressive loss of staining in the cortex and hippocampus of mnd/mnd mice, with pronounced hypertrophy of remaining detectable interneurons. In contrast, even in aged mutant mice, many hippocampal interneurons retained staining for glutamic acid decarboxylase. Treatment with insulin-like growth factor-1 partially restored interneuronal number and reduced hypertrophy in some subregions. These results provide the first evidence for the involvement of interneurons in a mouse model of NCL. Moreover, our findings suggest that at least some populations of these neurons persist in a growth factor-responsive state.
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The neuronal ceroid lipof uscinoses (NCL s) are progressive, fatal neurodegenerative disorders of unknown pathogenesis with onset ranging from infancy to adulthood. Childhood forms are manifested by blindness, seizures, and dementia (Dyken, 1988; Goebel, 1995) . Collectively, these disorders represent the most common inherited neurodegenerative storage disorder of childhood with an incidence of 1 in 12,500 live births (Goebel, 1995) . The NCL s have traditionally been divided into four main types (Dyken, 1988; Goebel, 1995) , although variant forms are reported (Dyken, 1988; Santavuori et al., 1991; Dyken and Wisniewski, 1995) . In recent studies, genes have been discovered for the infantile form (CLN1) (Haltia-Santavuori disease) (Vesa et al., 1995) , late infantile form (CLN2) (Jansky-Bielschkowsky disease) (Sleat et al., 1997) , juvenile form (CLN3) (Batten disease or Spielmeyer-Sjogren disease) (The International Batten Disease Consortium, 1995) , and Finnish variant of the late infantile form (CLN5) (Savukoski et al., 1998) . The gene for Kufs disease (CLN4 ), an adult-onset form of the disorder, awaits definition.
The characteristic feature of NCL pathology is the lysosomal accumulation of autofluorescent proteolipid in the brain and other tissues (Koenig, 1964; Haltia et al., 1973; Dyken, 1988; Goebel, 1995) . Ultrastructurally, these electron-dense accumulations exhibit granular, curvilinear, or fingerprint-like appearances that are characteristic for each form of NCL (Santavuori, 1988; Goebel, 1995 Goebel, , 1997 . Biochemical studies of these deposits in CLN2, CLN3, and CLN4 have shown that the major protein component is subunit c of the mitochondrial ATPase (Hall et al., 1991; Kominami et al., 1992; Palmer et al., 1992) . In CLN1, deposits are largely composed of saposins A and D (Tyynelä et al., 1993) . The molecular mechanisms by which mutations in the CLN genes lead to pathophysiology are unidentified. The development of an animal model that recapitulates the clinical and pathological features of NCL represents an initial step toward discovering underlying disease mechanisms and testing potential treatment strategies. The mnd/mnd mouse was first characterized as a spontaneous autosomal mutant that exhibits adult-onset upper and lower motor neuron degeneration (Messer and Flaherty, 1986; Messer et al., 1987) . Closer examination revealed pathology similar to that seen in NCL (Bronson et al., 1993; Mazurkiewicz et al., 1993; Pardo et al., 1994) . The mice exhibit progressive retinopathy leading to blindness and early, widespread accumulation of subunit c and autofluorescent lipopigment in many tissues (Bronson et al., 1993; Pardo et al., 1994) . Thus, although mapping data indicate that mnd is not one of the identified genes mutated in the NCLs (Messer et al., 1992) , the mnd/mnd mouse does model certain clinical and pathological features of these disorders.
In this study of the mnd/mnd mouse, we have used the autofluorescent properties of accumulated lipopigment to show which neuronal populations show NCL -like pathological changes and examined the onset and progression of pathological changes. We report on the results of treating mnd/mnd mice with insulin-like growth factor-1 (IGF-1), a neurotrophic factor, to attempt to halt the progression of degenerative changes.
MATERIALS AND METHODS Animals
Mnd/mnd mice on a C57BL /6J (B6) background were bred in the colonies maintained at the David Axelrod Institute, New York State Department of Health, Albany, N Y, and transferred to the University of C alifornia at San Francisco (UC SF) animal facility at 4 -8 months of age. An additional group of 2-month-old animals were perf used at the David Axelrod Institute, as described below, and their brains were sent to UC SF on dry ice. All animal procedures were approved by the Institutional Animal C are and Use Committees.
Histolog ical processing
The C NS of female mnd/mnd B6 and age-matched control (ϩ/ϩ) B6 mice were examined at ages up to 9-months-old (n ϭ 5 at each age), the maximum age to which mutant mice survived in our colony. For histological analysis, female mnd/mnd B6 and age-matched control (ϩ/ϩ) B6 mice were deeply anesthetized with pentobarbitone and transcardially perf used with vascular rinse (0.8% NaC l, 0.025% KC l, 0.005% C aC l 2 , 0.05% NaHC O 3 , and 100 mM NaHPO 4 ) followed by a freshly made and filtered solution of 4% paraformaldehyde and 0.2% picric acid in 100 mM phosphate buffer, pH 7.4. Brains were subsequently removed and postfixed for six hr at 4°C in the same fixative before cryoprotection at 4°C in a solution of 30% sucrose in Tris-buffered saline (TBS; 40 mM Tris and 0.7% NaC l in 10 mM phosphate buffer, pH 7.8) containing 0.05% NaN 3 before freezing on dry ice and storage at Ϫ80°C. Forty micrometer frozen coronal sections were collected in TBS -azide buffer and stored at 4°C before Nissl or immunohistochemical staining, which normally occurred on the same day as cutting.
Unbiased estimates of regional volume
For each brain, a one-in-six series of 40 m sections through the entire rostrocaudal extent of the C NS was mounted on glass microscope slides, lightly counterstained with cresyl violet and dehydrated through graded concentrations of ethanol, cleared in xylene, and coverslipped with DPX (BDH Chemicals, Poole, UK). Sections were visualized with an MCI D image analysis system linked to a CCD camera with a 35 mm lens, and unbiased estimates of the volume of brain regions were made using C avalieri's (1966) method, by counting the number of points of a randomly superimposed sampling grid that fell over each structure.
Mapping of affected cells
For each brain, a one-in-six series of 40 m sections through the entire rostrocaudal extent of the C NS was mounted on glass microscope slides, air-dried, and coverslipped with a laboratory-derived aqueous mounting medium. Sections were viewed by conventional fluorescence microscopy using standard filtersets for the detection of FI TC and rhodamine. A parallel series of sections was stained with a polyclonal antiserum raised against subunit c of sheep mitochondrial ATPase (a kind gift of Dr. D. Palmer, Palmerston, New Z ealand). Selected sections through C NS regions were also stained by conventional immunofluorescence techniques (see below) using Texas red-conjugated secondary antisera to reveal the presence of antigens that colocalize with GABA. As detailed below, confocal microscopy was used to reveal the colocalization of these phenotypic markers with autofluorescent lipopigment.
Immunohistochemical staining
For each brain, a one-in-six series of sections through the hippocampal formation and cortical mantle were stained according to standard immunohistochemical protocols to reveal the distribution of neurons expressing either parvalbumin (PV), calbindin (C b), somatostatin-14 (SOM), or glutamic acid decarboxylase (GAD). A one-in-three series of 40 m sections through the septal region was also stained to reveal the presence of neurons expressing PV or choline acetyltransferase (ChAT).
Immunoperoxidase staining. Briefly, sections were incubated in 1% H 2 O 2 in TBS (0.04 M Tris, 0.7% NaC l, and 0.01 M sodium phosphate buffer), rinsed in TBS, and blocked for 20 min with 15% appropriate normal serum before overnight incubation at 4°C with a solution of primary antibody [polyclonal rabbit anti-PV, Swant, Bellinzona, Switzerland, 1:5000; polyclonal rabbit anti-calbindin, Swant, 1:20,000; polyclonal rabbit-anti-SOM, Chemicon, Temecula, CA, 1:1000; affinity-purified goat anti-ChAT, Chemicon, 1:1000; polyclonal rabbit anti-sheep subunit c, 1:1000; affinity-purified rabbit anti-GAD (serum 1701), a generous gift of Dr. S. Baekkeskov, University of C alifornia, San Francisco, 1:2000] diluted in TBS with 10% normal serum, and 0.3% Triton X-100. Sections were subsequently rinsed with TBS, incubated for 2 hr in secondary antiserum, (biotinylated donkey anti-goat IgG or biotinylated goat anti-rabbit IgG; Vector Laboratories, Burlingame, CA) diluted 1:1000 in TBS with 10% normal serum, and 0.3% Triton X-100, and washed with TBS before incubation for 2 hr in avidin -biotin -peroxidase complex in TBS (Vectastain; Vector Laboratories). Finally, sections were rinsed with TBS and incubated for ϳ10 min in the dark with 0.05% diaminobenzidine tetrahydrochloride and 0.001% H 2 O 2 in TBS. The staining reaction was stopped by adding excess ice-cold TBS. Sections were mounted, air-dried, cleared in xylene, and coverslipped with DPX (BDH Chemicals).
Immunofluorescence staining. Selected sections through the septum, hippocampal formation, and entorhinal cortex were stained by conventional immunofluorescence techniques to reveal the presence of ChAT-, PV-, C b-, and SOM-expressing neurons. Briefly, sections were incubated in primary antisera as above before rinsing in TBS followed by incubation in secondary antiserum (Texas red-conjugated donkey anti-goat or donkey anti-rabbit; Jackson ImmunoResearch, West Grove, PA) diluted 1:500 in TBS with 10% normal serum, and 0.3% Triton X-100 and washed with TBS before being mounted on glass microscope slides, air-dried, and coverslipped with a laboratory-derived aqueous mounting medium. The extent of colocalization of lipopigment and phenotypic markers was determined by confocal microscopy using a Bio-Rad (Hercules, CA) MRC 1000 confocal microscopy system linked to a Z eiss Axiovert microscope.
Measurements of detectable neuronal number and cross-sectional area
Septal reg ion. The number of PV-expressing GABAergic neurons and ChAT-expressing cholinergic neurons in the septal region were determined in an unbiased manner using the optical dissector method in combination with the C avalieri method for estimating reference volume (West and Gundersen, 1990) . The first section in each series was chosen randomly followed by every third section thereafter, with a total of 10 sections per animal. C ells were sampled using a dissector frame taped to the monitor screen; cells were counted if they contained a nucleus that fell within the dissector frame under a 100ϫ objective (NA 1.32). The cross-sectional area of each counted profile was then measured as described. All counts were performed in a double-blind manner without previous knowledge of the genotype by the person performing sectioning or counting.
Entorhinal corte x and hippocampal formation. Counts of detectable PV-expressing neurons were made in the five most rostral sections of a one-in-six series of sections through layers II and IV of the entorhinal cortex and of PV-, C b-, SOM-, and GAD-positive neurons in the five most rostral sections of a similar series through the hippocampal formation. The number of positive neurons was determined under a 25ϫ objective, counting only neurons with a clearly identifiable nucleus. This value was expressed as the number of detectable neurons per section and corrected by the method of Abercrombie (1946) . The same sections were examined under a 100ϫ objective, and measurements of cross-sectional area were made with an MCI D image analysis system linked to a CCD camera for at least 100 PV-positive interneurons in the entorhinal cortex and at least 50 positive neurons for each antigen in the hippocampal formation. These results were presented in the form of cell-size distribution histograms using a bin size of 20 m. All measurements were performed in a double-blind manner without previous knowledge of the genotype by the person performing sectioning or counting.
Intraventricular infusion of IGF-1
Wild-type and 9-month-old mnd/mnd animals (n ϭ 5 of each genotype) were deeply anesthetized with a mixture of 9% ketamine, 2.4% xylazine, and 1.25% acepromazine and stereotaxically implanted, as previously described (Holtzman et al., 1992) , with a cannula to deliver either artificial C SF vehicle or IGF-1 (2 g /d for 7 d, obtained from C ephalon Inc.) via an Alzet minipump. After recovery from anesthesia, animals were closely observed, and any animals showing signs of distress were removed from the study. After 7 d, animals were reanesthetized with pentobarbitone and fixed by transcardial perf usion as described above. Brains were subsequently removed, post-fixed, cryoprotected, and sectioned as described above. Animals with incorrect cannula placement were excluded from the study. Parallel series of sections through the hippocampal formation and entorhinal cortex were immunohistochemically stained to reveal the presence of PV, C b, and SOM as described above. Measurements of histochemically identified interneuronal number and size were made in a double-blind manner as described above.
RESULTS

Aged mnd/mnd brains show cortical atrophy
Although mnd/mnd mice on the C57Bl /6J background show biochemical and pathological changes at 1 month of age, they are clinically healthy for ϳ6 months (Messer and Flaherty, 1986; . We compared the volume of different brain regions in mnd/mnd and control mice of the same strain at 5 (presymptomatic) and 9 months of age (severely weak). The Cavalieri method (1966) was used to obtain unbiased estimates of the volume of the cortical mantle, striatum, hippocampus, and cerebellum in Nissl-stained coronal sections. No significant difference was found in the volume of any brain region between control and mnd/mnd animals at 5 months (data not shown). However, at 9 months the volume of the neocortex in mnd/mnd mice was shrunken to 80.6% of the volume of age-matched controls ( Fig. 1) . Shrinkage was more pronounced in the entorhinal cortex than in the prefrontal cortex ( Fig. 1) , although significant shrinkage was evident in many regions of the neocortex. The cerebellum of 9-month-old mnd/mnd mice was also significantly smaller than in age-matched controls (Fig. 1) . Detailed examination of the hippocampal formation of control and mnd/mnd mice at 5 months revealed no significant difference in the crosssectional area of pyramidal neurons in region CA1: control, 95.18 Ϯ 0.52 m 2 ; mnd/mnd, 95.38 Ϯ 0.54 m 2 ; n ϭ 500; p ϭ 0.79; and no significant difference in the mean area of this region: control, 309343.74 Ϯ 14111.99 m 2 ; mnd/mnd, 322261.74 Ϯ 5454.93 m 2 ; n ϭ 5; p ϭ 0.418.
Progressive accumulation of autofluorescent lipopigment is most pronounced in presumed GABAergic neurons
We used the autofluorescent properties of the accumulated lipopigment to produce spatial and temporal maps of affected cells in the mnd/mnd mouse brain. Using conventional fluorescence microscopy, we examined unstained coronal sections throughout the rostrocaudal extent of the CNS of control and mnd/mnd mice at 2, 5, and 9 months. Consistent with previous reports, autofluorescent lipopigment could be detected in presymptomatic mutant mice at 2 months . In contrast, autofluorescent lipopigment was almost entirely absent in ageand strain-matched wild-type animals of any age. By 5 months, lipopigment was present in many brain regions of mutant mice. Populations of lipopigment-bearing neurons could be readily identified in both cortical and subcortical regions. Prominent lipopigment accumulation was seen in midline neurons of the septal region, in several hippocampal subregions, throughout the neocortical mantle, in subregions of the basal ganglia, thalamus, and midbrain, and in cerebellum. Figure 2 compares control and mnd/mnd mice at 5 and 9 months. At both ages, autofluorescent lipopigment accumulation was marked in the septum and hippocampus of mnd/mnd mice. Immunohistochemical staining for subunit c of the mitochondrial ATPase showed that the distribution of subunit c deposits was the same as for lipopigment (data not shown). The distribution of autofluorescent lipopigment and its relative abundance were not dependent on the size of lipopigment-bearing neurons. Instead, at each age examined, lipopigment accumulation was particularly dense in populations of neurons presumed to be GABAergic on the basis of their distribution and morphology (Fig. 2) . The distribution of lipopigment became progressively more widespread with increasing age until it was present in nearly all neurons of mutant mice at 9 months (data not shown). Qualitative comparisons revealed no obvious loss of neurons that were lipopigment-bearing in the septum or hippocampus between 5 and 9 months (Fig. 2) . 
Accumulation of autofluorescent lipopigment in different subpopulations of interneurons
Fluorescence immunohistochemistry was used to identify which neuronal populations were affected. To determine the identity of those neurons that contained particularly dense accumulation of lipopigment, confocal microscopy was used for simultaneous visualization of lipopigment and cells stained with several different markers of neuronal phenotype (Fig. 3) . Reliable staining of interneurons could not be obtained with commercially available antisera raised against GABA or its synthetic enzyme GAD which, even under optimal staining conditions, produced high levels of background staining that prevented distinct visualization of interneuronal morphology. However, interneurons were readily stained with antisera raised against the calcium-binding proteins PV or C b and the neuropeptide SOM, that are each colocalized with GABA in many distinct subpopulations of GABAergic neurons (Freund and Buzsáki, 1996) . PV and C b have been suggested to modif y or prevent neurodegenerative events in hippocampal neurons via their ability to buffer against increases in intracellular calcium concentration (Scharfman and Swartzkronin, 1989; Sloviter, 1989; Mattson et al., 1991) . As such, changes in the expression of these proteins might mark neurons that are rendered more vulnerable to neurodegenerative processes. At 2 months, colocalization of lipopigment and these markers was detected by confocal microscopy in each region examined (Fig. 3) . Representative examples of colocalization of lipopigment with PV, C b, and SOM are shown in different subclasses of hippocampal interneurons and in the septal region ( Fig.   3A-D) . In contrast, neurons in adjacent regions stained with ChAT, a marker of cholinergic, (i.e., non-GABAergic) phenotype showed little or no autofluorescent lipopigment at this age (Fig.  3E ). This analysis showed that lipopigment was present in subpopulations of GABAergic neurons throughout the rostrocaudal extent of the CNS. In all regions examined, neurons that expressed these GABA-associated markers showed prominent accumulation of autofluorescent lipopigment.
Progressive hypertrophy and loss of certain phenotypic markers in interneurons
To ask whether lipopigment accumulation marked neurons whose phenotype is affected during disease progression, we examined populations of PV-positive interneurons in the entorhinal cortex and subpopulations of PV-, Cb-, SOM-, and GAD-positive interneurons in the hippocampal formation.
Entorhinal cortex
Examination of the entorhinal cortex of mnd/mnd animals revealed a progressive loss of staining for PV in detectable interneurons in layers II and IV (Fig. 4 A-C) , with hypertrophy of remaining PV-positive interneurons (Fig. 4 D-F ) . Counts of neuronal number revealed fewer than normal detectable PV-positive interneurons in layers II and IV of entorhinal cortex at 5 months, although this difference did not reach statistical significance: control, 48.35 Ϯ 6.55 neurons per section; mnd/mnd, 37.41 Ϯ 1.89 neurons per section; p ϭ 0.16; n ϭ 4 (Fig. 5A) . Significantly fewer ; p ϭ 0.0001; n ϭ 500. The progressive nature of this hypertrophy was more clearly revealed by comparing cell-size distribution histograms at different ages (Fig. 5B) . This analysis indicates that the increase in mean neuronal area cannot be explained simply by a loss of smaller PVpositive interneurons.
Hippocampus
Examination of the hippocampal formation of mnd/mnd animals revealed a complex pattern of progressive loss of staining for PV, Cb, or SOM in detectable subpopulations of hippocampal interneurons (Fig. 6 ). To survey these effects, counts of detectable neuronal number were made in each of the hippocampal subregions containing neurons positive for these antigens (Fig. 7 , Table  1 ). Collectively, the results showed a consistent trend toward reduced neuronal number for each marker in all subregions at 5 months. However, the reduction in neuronal number reached statistical significance only for PV-positive interneurons in the dentate gyrus and stratum radiatum. In contrast, at 9 months significant reductions in neuronal number ( p Ͻ 0.0001) were present in nearly all subregions and reached up to 87% in some populations. The only exception was Cb-positive interneurons in the stratum radiatum that showed no significant reduction in number at any age.
To examine expression of an essential marker of the neurotransmitter function of these interneurons, we stained a parallel series of sections through the hippocampal formation of control and mnd/mnd mice with an affinity-purified antiserum raised against GAD (kindly provided by Dr. S. Baekkeskov, University of California, San Francisco) that, unlike commercially available antisera, enabled direct visualization of interneuronal morphology. Counts of neuronal number revealed no change in the number of GAD-positive neurons in the dentate or pyramidal cell layers in mnd/mnd mice at 9 months (Fig. 7) . Although fewer GAD-positive neurons were detected in other hippocampal regions of these mnd/mnd mice, the reductions in neuronal number only reached statistical significance in the stratum oriens: control, 18.63 Ϯ 1.87 neurons per section; mnd/mnd, 12.82 Ϯ 1.22 neurons per section; n ϭ 5; p ϭ 0.044. These reductions in interneuronal number are smaller than those detected by staining for PV, C b, or SOM and suggest that the loss of interneurons detected by these other phenotypic markers are more apparent than real.
Closer examination of hippocampal sections revealed that persisting detectable interneurons in mutant mice appeared progressively larger with increasing age (Fig. 8) . Neurons were grossly hypertrophic with characteristic enlargement of the axon hillock and thickening and disorganization of dendritic processes. Measurements of cross-sectional area (Table 2 ) revealed that at 5 months, eight of the 11 populations of interneurons examined were significantly larger than their counterparts in control animals. At 9 months, significant increases in cross-sectional area were apparent for each antigen in every region examined ( Table  2 ). The population-wide nature of this hypertrophy and its progression over time were more clearly revealed by comparison of cell-size distribution histograms at different ages, as shown for a representative population of hippocampal interneurons (Fig. 8 D) . Dentate *** *** -
--* *** --NS Oriens NS *** * *** * *** * Radiatum *** *** NS *** NS NS NS Tabular representation of the relative statistical significance of changes in the number of detectable hippocampal interneurons stained for each antigen between control and mutant mice at 5 and 9 months in each region examined. ***p Ͻ 0.0001; *p Ͻ 0.05; NS, not significant; -, not applicable.
Parvalbumin-positive projection neurons are not lost in mnd/mnd mice
To determine whether the effects on neuronal phenotype were specific to interneurons, we examined a representative population of GABAergic projection neurons in the medial septum that also accumulate lipopigment (Figs. 2, 3 ). These neurons send their efferent projections to the hippocampal formation where they terminate on different subclasses of inhibitory interneurons (Freund and Antal, 1988) . The vast majority of medial septal GABAergic neurons contain parvalbumin, which is a good marker of GABAergic phenotype in this region (Freund, 1989; Kiss et al., 1990) . Unbiased counts of neuronal number and neuronal size were made in control and mnd/mnd animals at 5 and 9 months using the optical dissector method in combination with the Cavalieri method for estimating reference volume (West and Gundersen, 1990) . There was no significant reduction in the number of PV-positive neurons in the medial septum of mnd/mnd mice at 5 months: control, 636.75 Ϯ 24.58; mnd/mnd, 623 Ϯ 43.11; p ϭ 0.791; n ϭ 4 (Fig. 9) . However, these neurons were slightly, but consistently, larger in mutant mice than in age-matched controls: control, 120.91 Ϯ 1.15 m 2 ; mnd/mnd, 125.89 Ϯ 1.24 m 2 ; p ϭ 0.003; n ϭ 500. At 9 months, a difference in size was no longer apparent (control, 131.86 Ϯ 1.42 m 2 ; mnd/mnd, 132.16 Ϯ 1.53 m 2 ; p ϭ 0.88; n ϭ 477). No significant loss of detectable neurons was evident at 9 months. Indeed at this age, there was a significant increase in the number of PV-positive septal neurons in mnd/mnd mice: control, 591 Ϯ 18.38; mnd/mnd, 711.6 Ϯ 39.96; p ϭ 0.025; n ϭ 5 (Fig. 9) .
Cholinergic neurons are found lateral to GABAergic neurons in the septal region and show little or no accumulation of autofluorescent lipopigment at 2 months (Fig. 3E) . Neurons stained for the cholinergic neurotransmitter synthetic ChAT showed no significant change in unbiased estimates of detectable neuron number between mnd/mnd and wild-type mice at either 5 or 9 months (Fig. 9) . However, these neurons were slightly but consistently larger in mnd/mnd mice at 9 months: control, 158.31 Ϯ 1.32 m 2 ; mnd/mnd, 166.16 Ϯ 1.43 m 2 ; p ϭ 0.0001; n ϭ 600. The reference volume of the septal region was not significantly different between control and mutant animals at any age in sections stained for PV or ChAT (data not shown).
Intraventricular infusion of IGF-1 partially reverses hippocampal interneuronal atrophy and loss
To test whether IGF-1 treatment could reverse pathology involving interneurons in mnd/mnd mice, we compared the effect of intracerebroventricular infusion with 2 g/d IGF-1 or artificial CSF vehicle. IGF-1 was previously shown to have beneficial effects on detectable GABAergic interneuronal number and den- 
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dritic morphology in a canine tissue culture model of NCL (Dunn et al., 1994) . Nine-month-old control and mnd/mnd animals were perfused after 7 d of treatment, and analysis of interneuronal number in the entorhinal cortex and hippocampal formation was performed as described above. Remarkably, treatment with IGF-1 significantly increased the number of SOM-positive hilar interneurons compared with agematched, vehicle-treated mutant animals: vehicle, 1.79 Ϯ 0.07 neurons per section; IGF-1, 2.48 Ϯ 0.16 neurons per section; n ϭ 5; p ϭ 0.012 (Fig. 10 A) . Increases in interneuronal number in other subregions were found, but these changes did not reach statistical significance (representative example shown in Fig.  10C ). The effect of IGF-1 treatment on cross-sectional area was more robust than the effect on neuronal number (Fig. 10 B, D) . ; n ϭ 56; p ϭ 0.056. Despite this, we detected no obvious difference in IGF-1 treated animals in the density of lipopigment deposits in SOM-or PV-positive neuronal cell bodies or in the morphology of their dendrites. No significant effect was apparent for either interneuronal size or detectable number in the entorhinal cortex of IGF-1-treated mutant animals (data not shown). In addition, there was no effect of IGF-1 treatment on the number or size of any interneuronal population in the hippocampus or entorhinal cortex of control animals (data not shown).
DISCUSSION
In this study we used the autofluorescent properties of accumulated storage material to map which C NS neuronal populations in the mnd/mnd mouse show NCL -like pathological changes. We found a pronounced, early accumulation of autofluorescent lipopigment in subpopulations of GABAergic interneurons in the cortex and hippocampus. In these same cells there was loss of staining for some, but not all, phenotypic markers and pronounced hypertrophy of remaining detectable interneurons. Treatment with IGF-1 partially restored interneuronal number and reduced hypertrophy in some subregions. These results provide the first evidence for the involvement of interneurons in a mouse model of NCL. Moreover, our findings suggest that for at least some populations of these neurons, degenerative changes are growth factor-responsive.
The mnd/mnd mouse as a model for NCL
The mnd/mnd mouse has been described previously as exhibiting a range of pathological features closely resembling those seen in patients with juvenile NCL (Bronson et al., 1993; Mazurkiewicz et al., 1993; Pardo et al., 1994) . This mouse exhibits progressive retinopathy , widespread accumulation of autofluorescent lipopigment, which stains positive for subunit c of mitochondrial ATPase, and other pathological markers present in patients with NCL (Bronson et al., 1993; Pardo et al., 1994) . We also show that there is profound atrophy of the entire neocortical mantle, a characteristic hallmark of NCL (Braak and Braak, 1993) .
The identity of the mutated gene responsible for the phenotype of mnd/mnd mouse is unknown. Positional cloning has mapped the mnd gene to a proximal region of mouse chromosome 8 (Messer et al., 1992) and suggests that this gene locus is distinct from the genes CLN1, CLN2, and CLN3, which lie on other chromosomes. Nevertheless, ultrastructural analysis of cytoplasmic inclusions in the mnd/mnd mouse has revealed a range of granular, multilamellar, fingerprint, and curvilinear appearances, closely resembling those seen in patients with variant forms of late-infantile CLN2 (Pardo et al., 1994) . Although the mnd/mnd mouse may model one of the late-infantile variant forms of NCL, the previously reported degeneration of motor neurons (Messer Flaherty, 1986; Messer et al., 1987) emphasizes that this mouse cannot be considered a perfect model for NCL. Instead it represents an available mouse model of NCL -like pathology. Another spontaneous mutant, nclf, has recently been identified, which exhibits a grossly similar phenotype to the mnd/mnd mouse (Bronson et al., 1998) . The nclf gene has been mapped to mouse chromosome 9 (Bronson et al., 1998) , in a region syntenic to human chromosome 15q21 near the mapped locus for CLN6, another late infantile variant form of NCL (Sharp et al., 1997) . Thus, mnd and nclf mice may both serve to model the pathology of rare variant forms of late-infantile NCL. It will be very informative to extend our studies to mice carrying null mutations in the genes associated with NCL, as these animals become available.
Involvement of interneurons in mnd/mnd
We detected novel evidence for the involvement of certain interneurons in the C NS of the mnd/mnd mouse. Although it remains unclear why lipopigment initially accumulates most prominently in subpopulations of GABAergic neurons, the literature contains several other reports of the involvement of these neurons in NCL (Walkley and March, 1993) and in other animal models of NCL (March et al., 1995) . Previous studies of the neocortex of human NCL patients described a loss of small stellate neurons, which were presumed to be GABAergic Goebel, 1978, 1979) , and a loss of ultrastructurally identified inhibitory synapses (Williams et al., 1977) . Indeed, it has been suggested that a defect in inhibitory mechanisms may be responsible for generation of focal and generalized seizures in NCL (Roberts, 1986a,b) . Recent evidence of the active role played by interneurons in information processing suggests that impairment of these neurons might also underlie the profound deficits in cognitive function that characterize the NCLs (for review, see Paulsen and Moser, 1998) .
The selective involvement of GABAergic neurons in NCL and animal models may provide clues to pathogenesis. Mitochondrial abnormalities have been described in NCL patients (Dawson et al., 1996) and in a canine model of NCL (March et al., 1995) . Mitochondria are more abundant in GABAergic neurons (Iverson and Bloom, 1972; Houser et al., 1984) and may also have different biochemical properties in these neurons that exhibit higher metabolic rates than other neuronal types. Compromised mitochondrial function in NCL, for whatever reason, might result in the preferential involvement of GABAergic neurons. However, it is unlikely that a mitochondrial defect operates in isolation to initiate NCL pathogenesis. Several lines of evidence suggest that lysosomal function is compromised. The genes CLN1 and CLN2, Figure 10 . Partial recovery of interneuron phenotype after treatment of 9-month-old mnd/mnd mice with IGF-1. Histograms of Abercrombie-corrected counts of detectable neuronal number per section (A, C) and plots of cell size distribution (B, D) in the hilus and stratum oriens stained for somatostatin (A, B) and parvalbumin (C, D). A small, but statistically significant increase in detectable somatostatin-positive neuronal number was seen in the hilus ( A), but not for parvalbumin-positive neurons in the stratum oriens ( C). In contrast, significant reductions in neuronal hypertrophy were detected in both regions (B, D). which are mutated in the infantile and late infantile forms of the disorder, each code for a lysosomal enzyme (Vesa et al., 1995; Sleat et al., 1997) . Additionally, recent evidence suggests that the CLN3 gene product is located in the lysosomal membrane and may function to regulate the transport of material into, or out of, the lysosome (Jarvela et al., 1998) . Furthermore, findings in yeast suggest that the CL N3 homolog BTN1 plays a role in regulating the pH of a vacuolar lysosomal-equivalent compartment (Pearce and Sherman, 1998) . A change in lysosomal pH may have profound effects on protein -protein interactions, resulting in the dysfunction of lysosomal enzymes.
In the hippocampal formation, the expression of calciumbinding proteins and neuropeptides is specific to different subtypes of interneurons, which show distinct patterns of connectivity (Freund and Buzsáki, 1996; Parra et al., 1998) . Widespread changes in the expression of calcium-binding proteins might be expected to render these neurons more vulnerable to cell death via excitotoxic mechanisms (Choi, 1994) .
Loss of detectable interneurons
Our findings demonstrate that in aged mnd/mnd mice progressively fewer GABAergic interneurons in both hippocampus and cortex can be detected by staining for markers that are normally present. The possibility arises that the reduction in number of immunohistochemically detected interneurons in the mnd/mnd mouse does not signif y death but instead marks downregulation of these markers to the extent that they are no longer detectable. Indeed, we found that many interneurons retained expression of GAD in the hippocampal formation of aged mnd/mnd mice, suggesting that at least some populations of these neurons remain alive despite the absence of other normally expressed phenotypic markers. Further evidence for this hypothesis is our finding that treating aged mnd/mnd mice with IGF-1 increased the number in certain subpopulations of these neurons. Additional evidence for the persistence of interneurons comes from crude behavioral observation of seizure activity in mnd/mnd mice. Inhibitory interneurons in the hippocampus and cortex exert a powerful influence on excitatory transmission in these brain regions (Singer, 1996; Freund and Buzsáki, 1996) . Although we did not carry out electrophysiological studies, we did not observe spontaneous seizures in mnd/mnd mice until at least 9 months, by which time up to 85% of PV-positive interneurons were not detected. Even at 9 months, seizures were evident clinically only occasionally. Thus, it is possible that a large proportion of GABAergic interneurons retain their inhibitory f unction even in severely affected animals.
Hypertrophy of cortical and hippocampal interneurons
We found that several subpopulations of interneurons were significantly larger in the mnd/mnd mouse than in controls. Neuronal volume regulation mechanisms remain largely unknown, and somal volume could be progressively increased in a number of ways. Dysf unction of mitochondrial respiration may result in inhibition of volume-regulated anion channels (Patel et al., 1998) . Increased soma size may result from filling the cell cytoplasm with progressively increasing numbers of lysosomes or filling existing lysosomes to a greater extent. Each of these possibilities could profoundly influence neuronal f unction. Indeed, controlled shifts in lysosomal activity represent a means to regulate neuronal cytoplasmic volume and may potentially modif y the f unction of a wide range of proteins, including neurotrophic signaling mechanisms (Nixon and C ataldo, 1995) . The hypothesis that such mechanisms may be compromised in the mnd/mnd mouse awaits experimental verification.
Implications for the treatment of NCL
Treatment of 9-month-old mnd/mnd mice with IGF-1 partially restored interneuronal number and reduced hypertrophy in some subhippocampal subregions. It is remarkable that just 1 week of treatment was effective. These findings are evidence that at least some "phenotypically silent" neurons are growth factorresponsive. Indeed, IGF-1 treatment acted to reverse the neurodegenerative phenotype in responsive cells, suggesting that IGF-1 could have a role in therapy. However, IGF-1 treatment had no effect on the size or number of PV-positive interneurons in the entorhinal cortex, suggesting that other mechanisms may operate in this brain region, that degenerative changes had become irreversible before treatment was commenced, or that a longer course of treatment would be required to see an effect. It will be informative to test further the effect of IGF-1 and other neurotrophic factors, particularly at younger ages, to test whether a more robust effect in reversing the degenerative changes can be produced. Although our findings have direct implications for devising potential therapeutic strategies for the treatment of patients with NCL, rigorous tests of candidate strategies in appropriate animal models will be required.
